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Abstract
Dietary copper supplementation reverses pressure overload-induced cardiac hypertrophy

by copper replenishment in the heart. A copper-selective chelator, trientine (triethylenetetr-

amine [TETA]), reverses left ventricular hypertrophy associated with diabetes also by copper

replenishment in the heart. The present study was undertaken to address the critical issue

how TETA delivers copper to the heart. Adult male Sprague-Dawley rats were subjected to

transverse aortic constriction (TAC) to induce cardiac hypertrophy. Eight weeks after the

TAC surgery, cardiac hypertrophy was developed and copper content in the heart was

reduced. TETA was then administrated by gavage in two different dosages (21.9 or

87.6 mg/kg day) for six weeks. The results showed that in the lower dosage, TETA replen-

ished copper contents in the heart, along with a decrease in the copper concentration in the

blood and kidney, and an increase in the urine. In the higher dosage, TETA did not replenish

copper contents in the heart, but markedly increased copper concentrations in the urine and decreased those in the blood and

kidney. Neither lower nor higher TETA dosage altered copper concentrations in other organs. Corresponding to myocardial

copper replenishment, the lower dose TETA suppresses cardiac hypertrophy, as judged by a reduction in the left ventricle wall

thickness and a decrease in the heart size, and diminished cardiac fibrosis, as reflected by a decrease in collagen I content. TETA

in the higher dose not only did not suppress cardiac hypertrophy, but also caused cardiac hypertrophy in sham-operated rats.

TETA-mediated myocardial copper restoration is independent of copper transporter-1 or -2 but related to an energy-dependent

transportation. This study demonstrates that low-dose TETA functions as a copper chaperone, selectively delivering copper to the

copper-deprived heart through an active transportation; in higher doses, TETA simply retains its chelator function, removing

copper from the body by urinary excretion.
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Introduction

Trientine (triethylenetetramine [TETA]), a copper-selective
transition metal chelator, has been shown to improve
cardiac structure and function in rat model of
streptozotocin-induced diabetes.1–4 It was also shown that
TETA restored indexes of systemic copper homeostasis and
left ventricle mass in type 2 diabetic patients with cardiac
hypertrophy.5–7 Considering the increased urinary copper

excretion following TETA administration and the level of
copper extracted from the coronary arteries by TETA infu-
sion, it was initially suggested that TETAmight confer clin-
ical benefit because of its elimination of excess cardiac
copper accumulation.1,3,8 However, further study has
shown that despite diabetic animals and patients display
signs of a systemic copper overload state, copper deficiency
appears in the heart. Importantly, total copper level in the
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heart was fully restored to the normal level after TETA
treatment.2,9

Dietary copper supplementation reverses cardiac hyper-
trophy induced by pressure overload.10 Copper is required
for cardiac structure and function,11–15 and pressure
overload-induced cardiac hypertrophy is accompanied by
copper depletion in the heart.10 Thus, it becomes a reason-
able and clinically sound approach to improve cardiac
structural and functional recovery from pathological
hypertrophy by copper supplementation.10,16–18

It appears contradictory that both copper chelator
and dietary copper supplementation can improve cardiac
structure and function by copper restoration in the heart.
A critical issue that needs to be resolved is how TETA
delivers copper to the heart. An important consideration
is the relationship between the concentration and the affin-
ity to copper of TETA. Based on stoichiometry and Le
Chatelier’s principle,19 the shift of chemical equilibrium
between Cu–TETA and other copper carriers and the
TETA intramolecular interactions would be affected by
the variation in TETA concentrations. It is thus speculated
that on certain dose ranges, TETA may behave as a copper
chaperone to deliver copper to the needed target organs,
and otherwise as a chelator to eliminate copper from the
body. In addition, the potential regulation of copper cross-
membrane transportation by TETA is another consider-
ation. There are two well-known transporters for cellular
copper acquisition in the heart tissue, namely copper trans-
porter 1 (CTR-1)20–22 and its homologous protein copper
transporter 2 (CTR-2).23,24 The present study was thus
undertaken to demonstrate (1) whether TETA can deliver
copper to the copper-deprived heart in response to pres-
sure overload, and (2) if yes, how does this take place?

Materials and methods

Animals and animal care

Male Sprague-Dawley rats, 6–8 weeks old and weighing
218� 9 g, were obtained from Chengdu Da-Shuo
Experimental Animal Breeding and Research Center, a
Chinese government-accredited rodent animal center in
Sichuan province, China. The animals were acclimatized
to laboratory conditions for a period of at least one week
in an Association for Assessment and Accreditation of
Laboratory Animal Care accredited facility. The rats were
housed in standard laboratory cages with ad libitum access
to standard chow and tap water in a temperature-
controlled room at 22� 1�C with a humidity of 50� 10%
and a 12 h dark–light cycle (lights on at 8:00 and off at 20:00)
as approved by the Laboratory Animal Management
Committee of Sichuan province. To ameliorate pain after
surgery, the analgesic dezocine (0.8 mg/kg) was given
intramuscularly and once daily for the next two days. All
animal procedures were approved by the Institutional
Animal Care and Use Committee at Sichuan University
West China Hospital.

Experimental design

Rats were randomly divided into sham-operated control
and transverse aortic constriction (TAC) surgery groups.
Rats were subjected to TAC to produce pressure
overload-induced pathological cardiac hypertrophy. Eight
weeks after the surgery procedure, rats were screened
according to Doppler ultrasound of carotid arteries and
echocardiography. The criteria for TAC rats included for
further study were that blood flow velocity of right carotid
artery had to be at least twice higher than that of the left one
and the increase of diastolic left ventricular anterior wall
depth (LVAWd) and left ventricular posterior wall depth
(LVPWd) needed to be more than 40%. The selected rats
based on the above criteria were randomly divided into
normal saline (NS) treatment groups (sham–NS group
and TAC–NS group) and TETA treatment groups (sham–
TETA group and TAC–TETA group). During the six weeks’
treatment described below, echocardiography, and blood
and urine sample collection were performed every two
weeks. At the end of treatment, all the rats were sacrificed
for organ tissue collection. Two batches of experiments
were carried out to demonstrate the biological functions
of lower and higher dosages of TETA.

Surgical procedure for animals

Prior to the surgical procedure, all subjects were anesthe-
tized in an induction chamber with 1.5–2.5% isoflurane
mixed with 0.8 L/min 100% O2. Then endotracheal intuba-
tion was introduced for ventilation. As described in our
previous studies, the TAC model subjects were established
with the novel knot method.25,26 Briefly, the aortic arch of
the rat was exposed via the left second intercostal space
incision on the chest wall. The aortic arch was gently sep-
arated from the thymus and fat tissue. Following identifi-
cation of the transverse aorta, a prepared piece of a 6-0 silk
suture which can decrease the aortic diameter by one half
was placed between the innominate and left carotid arter-
ies. Once the two knots meet, further constriction was not
possible. Finally, the chest cavity was closed by bringing
together the second and third ribs with 3-0 nylon sutures
and all layers of muscle and skin were closed with 5-0
nylon sutures. In sham control rats, the entire procedure
was identical except for the banding of the aorta.

Doppler ultrasound of carotid arteries and
echocardiography

Rats were anesthetized in an induction chamber with
1.5–2.5% isoflurane mixed with 0.8 L/min 100% O2 for all
measurements. A 5.8 MHz transducer (Vivid 7 Dimension,
GE) was placed on the left and right sides of the neck to
detect flow velocity in the left and right carotid arteries. At
each site, optimal Doppler flow velocity signals were
obtained by adjusting the position of the transducer.27

A series of echocardiograms were performed using an
11.5 MHz transducer (Vivid 7 Dimension, GE) as previous-
ly described.28–30 Diastolic LVAWd and LVPWd were
obtained using two-dimensional mode by taking the meas-
urements of short-axis cross-sectional areas.31
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TETA dosages selection and TETA treatment

As previous studies reported, dosages employed for
the treatment of Wilson’s disease in adults typically
vary from 750 to 2000mg/day (equivalent to � 10.7–
28.6mg/kg day in 70 kg adults) and in children vary from
500 to 750mg/day (equivalent to � 12.5–18.8mg/kg day in
40 kg children).32 Based on these concentrations employed
in known clinical applications of TETA, we administered
two dosages of TETA to rats at 21.9 and 87.6 mg/kg day
(respectively, equivalent to� 4.6 and 18.4 mg/kg day
in 60 kg adults).33 Lower dosage is equivalent to
� 375mg/day, almost one half of recommended minimum
dosage, and higher dosage was equivalent to
� 1400 mg/day.

All rats were weighed before the morning treatment
every day. The rats of sham–TETA and TAC–TETA groups
were given one of the two doses of TETA by gavage twice a
day (9:00 and 17:00). The same volume (10mL/kg day) of
0.9% NS was administered to rats of sham–NS and TAC–NS
groups twice a day. All rats were treated continuously for
six weeks.

Sample and tissue preparation

Blood samples were collected through tail vein with an
intravenous catheter and 1 mL whole blood was collected
and stored in heparin sodium vacuum blood collection
tubes for each animal and blood plasma was collected
after being centrifuged (3000 r/min, 10 min, 20�C). All
plasma samples were stored in �80�C refrigerator for Cu
concentration assay.

Rats were placed individually in metabolism cages and
24 h urine samples collected from different groups in metal-
free propylene tubes. Supernatant of urine was retained
after being centrifuged (3000 r/min, 10 min, 20�C).
Excretion samples were kept at �80�C until Cu concentra-
tion assay.

Rats were sacrificed and organs were excised after being
perfused with ice-cold PBS with 0.1 mL of 1% heparin,
including heart, liver, kidney, spleen, lung, and duodenum.
Hearts were cut through cross-sectional plane into three
parts. Apex cordis and other organ tissues were stored at
�80�C for Cu content assay. Middle part of heart, right
lobe of liver, and right kidney were embedded in the
OCT gel (Tissue-Tek, SAKURA) and then frozen in
liquid nitrogen to prepare frozen sectioning for histological
examination. Basis cordis was cut into several pieces and
frozen in liquid nitrogen for the detection of protein and
mRNA levels.

Immunohistochemistry analysis

Briefly, the slides were blocked by 3% hydrogen peroxide
for 20 min and followed by incubation with 1% bovine
serum albumin at 37�C for 1 h under dark conditions.
After being washed with PBS 3� at 5 min for each washing,
the slides were further incubated with the rabbit anti-rat
type I collagen polyclonal primary antibody (1:200, Abcam)
overnight in a 4�C refrigerator. Then, the slides were incu-
bated with HRP-labeled mouse anti-rabbit secondary

antibody (CST) at 37�C for 1 h. Finally, freshly mixed dia-
minobenzidine (CST) was added according to the manufac-
turer’s directions, whereas the nucleus was counterstained
by hematoxylin.

The staining of the tissue sections was detected by a
light microscope (Nikon, 80i) and the images were digitized
(SPOT FLEX). Under 100� magnification, four visual fields
were randomly observed from each slide, defining the pos-
itive expression area (positive area/1000 pixel) for semi-
quantitative analysis.

Measurement of average size of cardiomyocytes

All the sections were fixed and incubated with 20 mg/mL
FITC-conjugated lectin collected from Triticum vulgaris
(1:100, Sigma, L4895) to label the cell membrane at 37�C
for 1 h and then photographed under a confocal microscope
(ECLIPSE Ti, Nikon). Under 200�magnification, five visual
fields of each part of left ventricle were collected, and
the average size in each part was determined by IPP
6.0 software.

Cu content detection

Total Cu was detected using graphite furnace atomic
absorption spectrophotometry (ICE3500, Thermo Fisher).
Solid samples (organ tissue) of 10 mg were weighed after
24 h lyophilization and were subjected to nitrification with
1 mL nitric acid in 60�C dryer overnight, and then 10 mL of
the prepared samples was diluted to 1 mL with ultrapure
water for Cu detection. Liquid samples (blood plasma and
urine) of 20 ml were added to 100 mL nitric acid and stored at
60�C overnight, then 20 mL of the samples was diluted to
1 mL with ultrapure water for detection.

Western blotting analysis

Aimed to isolate total proteins, tissues were dissolved
in TRIzol reagent (Invitrogen, USA) according to the man-
ufacturer’s instructions. The protein concentrations were
determined using a BCA protein assay kit (Thermo
Fisher, USA) and then mixed with 5� loading buffer
and denatured in boiling water (10 min at 100�C). Thirty-
microgram proteins of each sample were separated by 10%
SDS-PAGE. Proteins were then transferred to a polyvinyli-
dene fluoride membrane (Bio-Rad, USA). Membranes were
blocked by 5% non-fat dry milk in Tris–HCl buffer solution
(10 mM Tris–HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween-
20) for 1 h at room temperature, and then the blotting
membranes were incubated overnight at 4�C with respec-
tive primary antibodies (anti-CTR1, sc-66847, Santa Cruz,
USA; anti-CTR2, sc-104852, Santa Cruz, USA; anti-GAPDH,
Zhongshan, China) in blocking solution according to the
manufacturer’s recommendation. After incubation, the
blotting membranes were washed with Tris–HCl buffer
solution for six times for 5 min each, and next, blots were
incubated with appropriate secondary antibody for 1 h at
37�C. Finally, target protein bands were observed by
adding a chemiluminescent horseradish peroxidase sub-
strate (Millipore Corporation, Germany) and analyzed
using vilber fusion software (Bio-Rad Laboratories, USA).
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Specific protein bands results are consistent with the data of
manufacture instruction and previous studies used the
same antibodies to detect CTR-1 and -2 protein levels in
rat cardiac tissue.9

qRT-PCR analysis

Total RNAwas extracted from rat left ventricle tissue with
TRIzol reagent (Invitrogen, USA) according to the manu-
facturer’s instruction. The integrity of RNAwas measured
by agarose gel electrophoresis, and the concentration was
quantified using a NanoDrop 2000 spectrophotometer
(Thermo Fisher, USA). RNA was reverse transcribed to
complementary DNA (cDNA) using a PrimeScripts RT
reagent kit (TaKaRa, Japan) in an MJMini Personal
Thermal Cycler (Bio-Rad, USA). The amount of cDNA cor-
responding to 100 ng of RNAwas amplified using a SYBR
Green PCR kit (Bio-Rad Laboratories) with the primers for
CTR-1, CTR-2, and b-actin. The primer sequences (Table 1)
were designed and synthesized by Invitrogen.

Statistical analysis

All of the data were presented as mean� SD and analyzed
by SPSS 22.0 and Prism 5.0. Student’s t-test was used to

analyze the differences in copper contents in organ tissues
between TAC rats and sham controls. Echocardiography
parameters and copper concentrations, including blood
plasma and urine values, at different times were analyzed
by repeated measurement analysis of variance. Two-way
ANOVA was applied to analyze the differences of heart
weight to body weight ratio, heart weight to tibial length
ratio, copper contents in organ tissues, type I collagen, aver-
age size of cardiomyocytes, and the protein and mRNA
levels of CTR-1 and -2 among all groups. P< 0.05 was con-
sidered statistically significant.

Results

Copper reduction in the pressure overload-induced
hypertrophic heart

Eight weeks after TAC surgery, heart, kidney, liver, duode-
num, spleen, and lung samples were collected for the mea-
surement of copper content. The total level of copper in the
heart of rats subjected to TAC was significantly decreased
(Figure 1(a)). Copper content in the kidney appeared to be
downtrend in the TAC rats, but not significantly different
from those of sham-operated controls (Figure 1(b)). Copper
content in the liver and duodenum in the TAC rats
remained at the same level as that in the sham-operated
controls (Figure 1(c) and (d)). Copper level in the spleen
and lung was very low and not changed in rats subjected to
TAC (Figure 1(e) and (f)).

Cardiac hypertrophy was developed, as measured by
echocardiography; left ventricular wall thickness (LVAWd

and LVPWd) was significantly and gradually increased
from two to eight weeks after the TAC surgery (Figure 2
(a) and (b)), left ventricular volume (ESV) was significantly
decreased from two to four weeks, followed by a recovery
from six to eight weeks after the TAC surgery (Figure 2(d)),

Table 1. Gene names and primer sequences used for qRT-

PCR analysis.

Gene Primer

CTR-1 Forward Primer: CCCACGAGATGATGATGCCT

Reverse Primer: AGCCATTTCTCCAGGTGTGTT

CTR-2 Forward Primer: CCGATGCACTTCATCTTCTCAG

Reverse Primer: GCCAACCTTGATGCCCTCATA

b-actin Forward Primer: TGGCTCCTAGCACCATGAAG

Reverse Primer: AAACGCAGCTCAGTAACAGT

CTR-1: copper transporter 1; CTR-2: copper transporter 2; qRT-PCR: quanti-

tative real time polymerase chain reaction.

Figure 1. Changes in total copper levels in several organs eight weeks’ post-TAC surgery. (a) Heart, (b) kidney, (c) liver, (d) duodenum, (e) spleen, and (f) lung. Data are

presented as mean�SD, n¼ 4 for sham group and n¼ 7 for TAC group, *P< 0.05. TAC: transverse aortic constriction.
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along with no changes in EDV (Figure 2(c)). Cardiac con-
tractile function (EF and FS) was also significantly
enhanced following a recovery, eight weeks after the TAC
surgery (Figure 2(e) and (f)).

TETA, in lower dosage, increases copper content in the
copper-deprived heart

After six weeks of lower dosage TETA (21.9 mg/kg day)
treatment, copper content in the hypertrophic hearts was
significantly elevated, reaching to the level comparable to
that of sham-operated controls (Figure 3(a)). In contrast,
after six weeks of higher dosage TETA (87.6 mg/kg day)
treatment, copper content in the hypertrophic hearts not
only failed to increase, but also was further reduced to
64% of sham-operated control (Figure 4(a)). It was further
observed that in lower dosage, TETA did not alter copper
content in the heart of sham-operated controls, but in
higher dosage, it significantly reduced (more than 14%)
copper content in the heart of sham-operated controls
(Figures 3(a) and 4(a)).

TETA exerts the same effects on copper redistribution
in extracardiac tissues in both lower and
higher dosages

Pressure overload by TAC increased copper concentrations
in the blood, which were reduced by TETA treatment both in
lower (by 21.5%) and higher (by 26.1%) dosages after two
weeks’ treatment (Figures 3(d) and 4(d)). This TETA-induced
copper reduction in the bloodwas also observed in the sham-
operated controls. TETA, in both lower and higher dosages,
significantly increased copper concentrations in the urine in
both TAC and sham-operated rats after two to six weeks’

treatment (Figures 3(e) and 4(e)). This increase in urinary
copper concentrations was accompanied by a significant
decrease in copper content in the kidney after the treatment
with TETA (Figures 3(b) and 4(b)). Copper content in the
liver slightly fluctuated after the treatment with TETA
(Figures 3(c) and 4(c)). Copper contents in other organs
including lung, duodenum, and spleen were not altered by
either TAC or TETA treatment (data not shown).

TETA, in lower dosage, suppresses pressure
overload-induced cardiac hypertrophy

After six weeks of lower dosage TETA treatment, the heart
weight to tibia length ratio was significantly reduced in the
rats with cardiac hypertrophy (Figure 5(e) and (f)). This
suppression of cardiac hypertrophy was further revealed
by the reduction in LVAWd and LVPWd (Figure 5(a) and
(b)), as measured by echocardiography. In addition, the
measurements of ESV and EF showed an improvement in
cardiac contractility in rats with cardiac hypertrophy after
the treatment with lower dosage of TETA for six weeks
(Figure 5(c) and (d)). Finally, histological examination
revealed that after the treatment with lower dosage of
TETA (Figure 6(a)), the content of collagen I deposition
and the size of cardiomyocytes were significantly reduced
in the hypertrophic hearts (Figure 6(b) and (c)).

These improvements in the structure and function of the
hypertrophic hearts were not observed in the rats treated
with higher dosage of TETA (Figure 7(a) to (d)).
Furthermore, higher dosage of TETA caused cardiac hyper-
trophy in the sham-operated rats, as measured by heart
weight to body weight ratio (Figure 7(e) and (f)).
Histological examination showed no difference after the
treatment with higher dosage of TETA (Figure 8(a)),

Figure 2. Changes in cardiac structure and function in hypertrophic hearts. (a) Diastolic LVAWd, (b) diastolic LVPWd, (c) end-diastolic volume (EDV), (d) end-systolic

volume (ESV), (e) ejection fraction (EF), and (f) fractional shortening (FS). Data are presented as mean�SD, n¼ 5–9, *P< 0.05. LVAWd: left ventricular anterior wall

depth; LVPWd: left ventricular posterior wall depth; TAC: transverse aortic constriction.
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including the content of collagen I deposition and the size
of cardiomyocytes (Figure 8(b) and (c)). Other organs did
not show pathological changes after the treatment with dif-
ferent doses of TETA (data not shown).

TETA does not affect CTR-1 and -2 in normal and
hypertrophic hearts

We investigated whether or not CTR-1 or -2 is involved in
the restoration of Cu content in the heart. After six weeks of

Figure 3. Changes in copper distribution in the heart and extracardiac tissues after treatment with a lower dose (21.9 mg/kg day) TETA for six weeks. (a) Heart,

(b) kidney, (c) liver, (d) blood plasma, and (e) urine. Data are presented as mean�SD, n¼ 5–9, *P< 0.05. NS: normal saline; TAC: transverse aortic constriction;

TETA: triethylenetetramine.

Figure 4. Changes in copper distribution in the heart and extracardiac tissues after treatment with a higher dose of TETA (87.6 mg/kg day) for six weeks. (a) Heart, (b)

kidney, (c) liver, (d) blood plasma, and (e) urine. Data are presented as mean�SD, n¼ 5–6, *P< 0.05. NS: normal saline; TAC: transverse aortic constriction; TETA:

triethylenetetramine.
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Figure 5. Changes in cardiac structure and function after treatment with a lower dose (21.9 mg/kg day) TETA for six weeks. (a) to (d) Echocardiographic detection of

LVAWd, LVPWd, ESV, and EF; (e) representative gross anatomic changes of the hearts among four groups; and (f) heart weight to tibial length ratio. Data are presented

asmean�SD, n¼ 8–9, *P<0.05. EF: ejection fraction; ESV: end-systolic volume; HW/TL: HW/TL: heart weight to tibial length ratio; LVAWd: left ventricular anterior wall

depth; LVPWd: left ventricular posterior wall depth; NS: normal saline; TAC: transverse aortic constriction; TETA: triethylenetetramine. (A color version of this figure is

available in the online journal.)

Figure 6. Changes in cardiac histology after treatment with a lower dose of TETA (21.9 mg/kg day) for six weeks. (a) Top row, necrosis and fibrosis observed by

H&E staining, bar¼ 200 mm. Middle row, type I collagen deposition in the interstitial substance shown by immunohistochemical staining (brown), bar¼ 200 mm.

Bottom row, cardiomyocytes size indicated by FITC-conjugated WGA (green) staining for cell membrane, bar¼ 100 mm; (b) comparison of the type I collagen

deposition; and (c) comparison of the average size of cardiomyocytes. Data are presented as mean�SD, n¼ 5 in each group, *P< 0.05. NS: normal saline; TAC:

transverse aortic constriction; TETA: triethylenetetramine. (A color version of this figure is available in the online journal.)
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Figure 7. Changes in cardiac structure and function after treatment with a higher dose of TETA (87.6 mg/kg day) for six weeks. (a) to (d) Echocardiographic detection

of LVAWd, LVPWd, ESV, and EF; (e) representative gross anatomic changes of the hearts among four groups; and (f) heart weight to body weight ratio. Data are

presented as mean�SD, n¼ 5–9, *P< 0.05. EF: ejection fraction; ESV: end-systolic volume; HW/BW: heart weight to body weight ratio; LVAWd: left ventricular

anterior wall depth; LVPWd: left ventricular posterior wall depth; NS: normal saline; TAC: transverse aortic constriction; TETA: triethylenetetramine. (A color version of

this figure is available in the online journal.)

Figure 8. Changes in cardiac histology after treatment with a higher dose of TETA (87.6 mg/kg day) for six weeks. (a) Top row, necrosis and fibrosis stained by H&E,

bar¼200 mm. Middle row, type I collagen deposition in the interstitial substance shown by immunohistochemical staining (brown), bar¼ 200 mm. Bottom row,

cardiomyocytes size indicated by FITC-conjugated WGA (green) staining for cell membrane, bar¼100 mm; (b) comparison of the type I collagen deposition; and (c)

comparison of the average size of cardiomyocytes. Data are presented as mean�SD, n¼ 5 in each group, *P< 0.05. NS: normal saline; TAC: transverse aortic

constriction; TETA: triethylenetetramine. (A color version of this figure is available in the online journal.)
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lower dosage TETA treatment, the protein level of CTR-1 or
-2 was not changed in either normal or hypertrophic hearts,
as measured by western blotting (Figure 9(a)). In addition,
qRT-PCR analysis also detected no changes in either Ctr-1
or -2 mRNA levels in normal or hypertrophic hearts after
six weeks’ treatment with TETA (Figure 9(b)). The stable
protein and mRNA levels of CTR-1 and -2 were also
observed in the rats treated with higher dosage of TETA
(Figure 9(c) and (d)).

Discussion

The role of TETA in copper metabolism and transportation
has been well documented in relation to its selective copper
chelating capacity.7,34,35 This copper-selective chelator,
however, has been shown to be able to deliver copper to
the heart that had been subjected to pressure overload36 or
with diabetic cardiomyopathy.9 How does a copper chela-
tor deliver copper to, instead of remove copper from, the
heart? The present study specifically addressed this ques-
tion. There are at least two critical conditions that were
defined here for TETA to function as a copper delivery
agent. The first is that the concentration of TETA has to
be at a certain range, far lower than that used for removing
copper from the body. The second is that the heart must be
under copper deprivation conditions. This effect of a lower
dose of TETA to supplement copper to the copper-deprived
heart under the pressure overload condition is thus of sig-
nificant clinical relevance.

It was clearly shown in the present study that pressure
overload-induced cardiac hypertrophy was accompanied

by copper loss from the heart during pathogenesis. This
observation is in an agreement with the result obtained
from mouse model of pressure overload-induced cardiac
hypertrophy10 and from rat model of diabetic cardiomyop-
athy.2,9 In our previous studies, we used dietary copper
supplementation as a tool to restore copper content in the
heart in the mouse model.10,13 However, we observed,
under pressure overload condition, that copper concentra-
tions in the blood were actually elevated, as presented here.
Dietary copper supplementation would further increase
the elevated level of copper in the blood, which would
lead to untoward effects, although these have not been
defined. Therefore, a novel procedure that can avoid
copper overload in the blood but efficiently increase
copper content in the heart is advantageous. This lower
dose of TETA effectively fulfilled the clinical need for
decreasing copper levels in the blood but increasing
copper levels in the copper-deprived heart simultaneously.
How would the lower dose of TETA function as a cardiac-
selective copper delivery therapy?

A lower dose of TETA would alter copper-binding
speciation, leading to a change in the availability of labile
copper from one group to another group of molecules.
Cardiac events are associated with high levels of
homocysteine (Hcy)37–39 and copper concentration40,41 in
the blood. Our previous studies have demonstrated that
phenylephrine-induced hypertrophy of cardiomyocytes
was associated with the elevation of Hcy in cultures. Hcy
restricts copper availability to cardiomyocytes through its
interaction with copper to form Cu–Hcy complexes.42

In the presence of TETA, the formation of Cu–Hcy

Figure 9. Measurement of protein and mRNA levels of copper transporters CTR-1 and CTR-2 in heart tissue after treatment with two different doses of TETA.

(a) Representative Western blots for CTR1 and CTR-2 after treatment with a lower dose of TETA for six weeks, (b) qRT-PCR analysis of Ctr-1 and Ctr-2 mRNA

levels after the same treatment above, (c) representative Western blots for CTR1 and CTR-2 after treatment with a higher dose of TETA for six weeks, and (d)

qRT-PCR analysis of Ctr-1 and Ctr-2 mRNA levels after the same treatment above. Data are presented as mean�SD, n¼ 5–9. CTR-1: copper transporter 1;

CTR-2: copper transporter 1; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; NS: normal saline; TAC: transverse aortic constriction; TETA:

triethylenetetramine.
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complexes would be interrupted due to the higher affinity
of TETA to copper. Based on stoichiometry, higher concen-
trations of Cu–TETA would facilitate their intramolecular
organometallic interaction, leading to high efficiency of
copper removal from the body. But lower concentrations
of Cu–TETA would provide opportunities for its substitu-
tive interactions with other copper-binding molecules,
functioning as a copper chaperone to deliver copper to
other copper-binding molecules in copper-deprived heart
tissue (CDHT). On the other hand, according to Le
Chatelier’s principle,19 there are two equilibria at play in
the situation with CDHT

Cuþ TETA�Cu� TETA (1)

Cu� TETAþ CDHT�Cu� CDHTþ TETA (2)

In the case of a higher dosage of TETA, high Cu–TETA
concentration pushes equilibrium (1) to the left, along with
reducing the Cu–TETA for entry into equilibrium (2). On
the contrary, lower concentrations of Cu–TETA drive equi-
librium (2) to the right. The data obtained here would
strongly support this speculation, although further analysis
is required to define the optimization of the TETA dosage
for copper delivery to CDHT.

It is important to note that the TETA-mediated copper
delivery to the hypertrophic heart appears specific to the
copper-deprived organ. Although the lower dose of TETA
increased copper concentrations in the hypertrophic heart,
its use at the same dosage did not change copper concen-
trations in the sham-operated heart. In the sham-operated
controls, the Cu–TETA is removed by kidney to reduce
blood plasma and increase urine copper concentration
because of the absence of CDHT. In the case of a significant
amount of CDHT in rats subjected to TAC, Le Chatelier’s
principle explains why equilibrium (2) is driven to the right
and greater substitution of TETA in producing Cu–CDHT
complex, delivering Cu to CDHT, but there is still some
elevated amount of Cu–TETA to be removed.
Furthermore, both lower and higher doses removed
copper from the blood and enhanced copper excretion
from the urine and did not change copper concentrations
in other organs in either TAC or sham-operated rats. This
copper-deprived heart-selective copper delivery would
make lower doses of TETA even more clinically relevant.

The next question is, how copper is taken up by the
copper-deprived heart? Both CTR-1 and CTR-2 are present
in the cardiac tissue,20–24 thus it is reasonable to examine
the role of these two copper transporters in the copper
acquisition by the cardiac tissue. In previous study,
decreased CTR-1 expression and increased CTR-2 expres-
sion were observed in rats subjected to diabetic cardiomy-
opathy. Furthermore, TETA administration did not affect
CTR-1, but further enhanced CTR-2 expression in cardiac
tissue. Therefore, although CTR-2 is a lower affinity copper
transporter than CTR-1, TETA may correct myocardial
copper levels by up-regulating CTR-2, thereby increasing
copper import.9 However, the observation here showed
that neither CTR-1 nor CTR-2 was likely involved in the

process of copper uptake by both normal and hypertrophic
heart, as indicated by the unchanged levels of either pro-
teins or mRNAs for both CTR-1 and CTR-2. In our recent
studies using primary cultures of neonatal rat cardiomyo-
cytes, it was observed that gene silencing of both Ctr-1 and
Ctr-2 did not affect copper uptake by the cells. However,
depletion of ATP in the cells greatly inhibited copper
uptake by the cells, suggesting an energy-dependent pro-
cess of copper uptake by cardiac tissue (Fu et al., 2018,
unpublished observation).

It was also observed that dietary copper supplementa-
tion leads to copper repletion in the heart and regression
of cardiac hypertrophy.10–13 The mechanism for copper
repletion-induced regression of cardiac hypertrophy has
been extensively studied. It includes the recovery of
VEGF production10,43 and activation of VEGF receptor-1,
not receptor-2, in the hypertrophic heart.44,45 More impor-
tant, copper is required for the transactivation of hypoxia-
inducible factor 1a (HIF-1a) regulated gene expression.46,47

HIF-1a regulates the expression of both VEGF and VEGF
receptor-1.48–51 Therefore, copper replenishment by a lower
dose of TETA in the hypertrophic heart should recapitulate
the same effect of dietary copper supplementation, as
observed in the present study.

Conclusion

This study reveals that TETA functions as either a copper
chaperone delivering copper to the CDHT or as a copper
chelator to remove copper from the body, depending on the
dose ranges used. The copper delivery function of a lower
dose of TETA is beneficial to the recovery of structure and
function of the pressure overload-induced cardiac hyper-
trophy. Since TETA has been clinically applied in a higher
dosage to remove copper from the body under disease con-
ditions such as Wilson’s disease, and was approved to be
safe even at higher doses, the finding here that a lower dose
of TETA can deliver copper to the copper-deprived heart is
of significant clinical relevance. Several cardiac events such
as ischemic heart disease and hypertrophic cardiomyopa-
thy are accompanied by myocardial copper loss. This
simple and safe approach of using a lower dose of TETA
to supplement copper to the heart would be beneficial to
patients with such cardiac events.
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